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The Mössbauer spectra of Ce2Fe17Hx , where x⫽0, 1, 2, 3, 4, and 5, have been measured and analyzed
between 4.2 and 295 K. Because Ce2Fe17 exhibits a helical magnetic order between 225 and 90 K and a fan
magnetic order below 90 K, its Mössbauer spectra were fit with a distribution of hyperfine fields and  angles
for four of the eight magnetically inequivalent sites. Because the hydrides exhibit a magnetization within the
basal plane of the hexagonal cell, their Mössbauer spectra were fit with seven sextets. The four isomer shifts
correlate with the Wigner-Seitz cell volume, the hyperfine fields correlate with the number of iron near
neighbors and give estimates of the individual iron magnetic moments ranging from 0.91 B to 2.13 B , and
the quadrupole splittings are in agreement with a point charge calculation. The temperature dependence of the
hyperfine fields in Ce2Fe17 is insensitive to the transition from the fan to the helical magnetic structure, a
transition which does not modify to any extent the iron electronic structure. As a result of the sudden ferromagnetic ordering which results from the presence of as little as one hydrogen per formula unit, the increase
of 70 kOe in the weighted average hyperfine field upon hydrogenation is the largest between x⫽0 and 1. The
temperature dependence of the weighted average hyperfine field in the hydrides shows Brillouin behavior, a
behavior which is slightly different for Ce2Fe17. The temperature dependence of the isomer shift yields a
Debye temperature of 345 K. The variation of the hyperfine parameters upon hydrogenation confirms that first
the 9e octahedral site is filled by hydrogen, and second the 18g tetrahedral hydrogen site is filled.

I. INTRODUCTION

The magnetic properties of Ce2Fe17 were extensively
studied in 1970 by Buschow and Wieringen,1 and two crystalline forms ␣ -Ce2Fe17 and ␤ -Ce2Fe17, which correspond to
the hexagonal, Th2Ni17, and the rhombohedral, Th2Zn17,
phases, respectively, were reported. The rhombohedral compound is more interesting because it is ordered, stoichiometric, has an unusual spiral to fan magnetic transition that
seems to occur in the range from 70 to 110 K, and can be
prepared as a single phase free from the presence of the
hexagonal phase.
Rhombohedral Ce2Fe17 has a compact structure with the
R-3m crystallographic space group with one cerium 6c site
and four iron 6c, 9d, 18f , and 18h sites. The structure has
alternate planes along the c axis occupied by cerium and the
18f iron sites and planes which are occupied by the 9d and
18h irons; the 6c-6c iron-iron dumbbell is bisected by the
former plane. From Mössbauer spectroscopy and bulk magnetization studies, Buschow and Wieringen1 proposed an antiferromagnetic to ferromagnetic transition at around 90 K.
In 1974 Givord and Lemaire2,3 investigated the magnetic
properties of a single crystal of Ce2Fe17 by neutron diffraction and found a magnetic transition at around 90 K. Their
analysis revealed that the magnetic structure between 90 K
and the Curie temperature of 225 K is helical, with a rotational axis parallel to the c axis and with the magnetization in
the basal plane rotating by an angle of 27° from plane to
0163-1829/2000/62共17兲/11731共11兲/$15.00
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plane at 140 K. The rotation of the magnetization from one
plane to the next identical parallel plane is 54°.2,3 Below 90
K a fan magnetic structure was reported, a structure which
derives from the helical structure because the magnetic moment still rotates in the basal plane, but only within a limited
angular range, with a fan opening angle  L . Fan opening
angles of 70° and 40° were reported at 47 and 4.2 K,
respectively.2,3
Mössbauer spectroscopy is a powerful tool for investigating the changes in the magnetic properties of hard magnetic
materials. Hu et al.4 have successfully fit the Mössbauer
spectra of a series of R 2 Fe17 compounds at 15 K, unfortunately, their spectrum of Ce2Fe17 is totally different from the
spectra reported below and similar to the spectra obtained by
substituting a small amount of aluminum for iron to form
Ce2Fe17⫺x Alx , as reported by Mishra et al.5 A possible reason for this difference will be presented below. Nasu et al.6
also studied Ce2Fe17 and their two reported spectra are similar to those presented herein. Unfortunately, their only reported hyperfine parameter was the weighted average hyperfine field, and further, their model was not obvious from the
paper.
In general, the introduction of hydrogen into a R 2 Fe17
compound will expand its lattice and, consequently, increase
both the magnetization and the Curie temperature. The increase in the Curie temperature is important for the improvement of a magnet’s performance at higher temperatures. In
addition, because a large amount of hydrogen can be inserted
11 731
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in to R 2 Fe17, the hydrides may be safely used7 for hydrogen
storage.
The introduction of as little as one hydrogen per formula
unit changes the magnetic properties of Ce2Fe17 rather dramatically, such that the hydrides exhibit ferromagnetic
behavior8 in contrast to the helical magnetization observed in
Ce2Fe17. The hydrogen in rhombohedral Ce2Fe17Hx occupies
two different sites, the octahedral 9e site and the tetrahedral
18g site. The filling of the octahedral site by hydrogen takes
place before the partial filling of the tetrahedral site as has
been demonstrated by neutron diffraction experiments.9 This
filling scheme is also reflected by the evolution of the c
lattice parameter and of the Curie temperature which have
been reported earlier.10
II. EXPERIMENTAL

A mixture of 99.95% pure cerium and 99.99% pure iron
was melted in a high frequency induction furnace and the
resulting ingot was annealed for one week at 1123 K.10,11
The hydrogen saturated Ce2Fe17H5 was made from the above
Ce2Fe17 ingot by hydrogenation in an autoclave at a pressure
of 5 MPa of hydrogen at 435 K. The amount of hydrogen
absorbed was determined by both volumetric and gravimetric
methods,11 and the accuracy of x is around ⫾0.1. Because it
is difficult to control the exact amount of hydrogen entering
the structure, the intermediate compositions were made by
heating a mixture of Ce2Fe17 and Ce2Fe17H5 in the appropriate ratio in a sealed quartz tube until homogeneity was
achieved.
X-ray diffraction analysis was carried out with a Guinier
focusing camera with iron K ␣ I radiation in order to avoid
iron fluorescence. Ce2Fe17 is found to be single phase and its
hydrides were found to be essentially single phase but with
traces of ␣-iron and to exhibit the rhombohedral Th2Zn17
structure.10,11
Mössbauer spectral absorbers of 30 mg/cm2 were prepared from powdered samples sieved to a 0.045 mm or
smaller diameter particle size. The Mössbauer spectra were
obtained between 4.2 and 295 K for Ce2Fe17 and between 85
and 295 K for the hydrides on a constant-acceleration spectrometer which utilized a rhodium matrix cobalt-57 source
and was calibrated at room temperature with ␣-iron foil. The
resulting spectra have been fit as described12 elsewhere and
as discussed below and the estimated uncertainties are at
most ⫾5 kOe for the hyperfine fields, ⫾0.02 mm/s for the
isomer shifts, and ⫾0.05 mm/s for the quadrupole interactions. The weighted average hyperfine parameters are more
precise by a factor of approximately 2.
III. THE Ce2Fe17 PARAMAGNETIC MÖSSBAUER
SPECTRA

The paramagnetic Mössbauer spectrum of Ce2Fe17, obtained at 295 K, is shown both in Fig. 1 and at the top of Fig.
2. The latter figure, over an extended velocity range, confirms the absence of any ␣-iron in our sample. An essentially
identical spectrum was obtained at 225 K. It is obvious that
the fit shown in Fig. 1, whose parameters are given in Table
I, is far from unique and several constraints and related structural information have been used to select this fit, which we

FIG. 1. The paramagnetic Mössbauer spectrum of Ce2Fe17 obtained at 295 K.

believe, is the most physically reasonable. Because of the
multiplicity of the four crystallographic iron sites 6c, 9d,
18f , and 18h, the areas of the four symmetric doublets in the
fit have been constrained to 6:9:18:18, respectively, and a
single Lorentzian linewidth ⌫ of 0.25 mm/s has been used
for all spectral components. Further the fit shown in Fig. 1
has been selected on the basis of Wigner-Seitz cell volume
calculations, point charge calculations of the electric field
gradient, and an extrapolation of the hyperfine parameters
obtained from the Mössbauer spectra of the Ce2Fe17Hx compounds to Ce2Fe17.
Previous work has shown an approximately linear correlation between the isomer shift and the Wigner-Seitz cell
volume for a specific site in a variety of R 2 Fe17
compounds;13–18 a correlation in which the isomer shift increases with increasing Wigner-Seitz cell volume. Thus we
have calculated19 the Wigner-Seitz cell volumes for all the
crystallographic sites in Ce2Fe17, see Table II, by using the
structural and positional parameters reported by Isnard
et al.10,20 and the twelve coordinate metallic radii of 1.81 and
1.26 Å, for cerium and iron, respectively. The fit shown in
Fig. 1 shows an unexpected but perfect correlation, ␦
⫽0.282 关 共mm/s兲/Å 3 兴 V WS⫺3.40 mm/s, between the 295 K
isomer shifts, see Table I, and the Wigner-Seitz cell volumes, see Table II.
The Wigner-Seitz cell analysis also provides a unique
definition of the near-neighbor environment for each crystallographic site in a material, near-neighbor environments
which are given in Table II for Ce2Fe17. These near neighbors have been used for a point charge calculation of the
electric field gradient at each of the four iron crystallographic
sites. The charges used in these calculations were ⫹3.64 and
⫹0.2 for cerium and iron, respectively. The cerium charge
was obtained from a cerium L III-edge XANES study of
Ce2Fe17 by Vandormael et al.21 The iron charge is in agreement with the rather small isomer shifts reported in Table I.
It is well known that point charge calculations of the electric
field gradient are more appropriate for insulating compounds
with localized electric charges and should be carried out over
a charge neutral sphere. However, the charge carried by the
cluster of atoms in the near-neighbor environment of each of
the four iron crystallographic sites in Ce2Fe17 is not zero. In
this metallic compound, the conduction electrons are ex-
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FIG. 2. The Mössbauer spectra of Ce2Fe17 obtained at the indicated temperatures.

pected to carry the negative balancing charge and it is assumed that they do not contribute to the electric field gradient. Several calculations carried out with somewhat different
iron charges indicated that the electric field gradient was
dominated by the cerium contribution. Further, the
Sternheimer22 shielding and antishielding factors were also

neglected. Hence, the results given by these calculations are
at best indicative of the relative magnitude of the quadrupole
splittings. The results of the calculations are reported in
Table I, where  is the angle between the principal axis of
the electric field gradient tensor and the basal plane in
Ce2Fe17, and

TABLE I. Observed and calculated hyperfine parameters for
paramagnetic Ce2Fe17.

⌬E Q ⫽e 2 Qq/2共 1⫹  2 /3兲 1/2,

Site
6c
9d
18f
18h
a

Ce2Fe17, observeda
␦, mm/s ⌬E Q , mm/s
0.050
⫺0.260
⫺0.185
⫺0.076

⫺0.04
⫺0.50
0.65
⫺0.65

Ce2Fe17, calculatedb
⌬E Q , mm/s

, deg
⫺0.08
⫺0.11
0.08
⫺0.12

0.00
0.00
0.80
0.85

90
40
90
30

The isomer shift and quadrupole splitting obtained for Ce2Fe17 at
295 K.
b
The hyperfine parameters obtained from a point charge calculation
as discussed in the text.

共1兲

TABLE II. The Wigner-Seitz cell near neighbors and volume in
Ce2Fe17.

Site
Ce, 6c
Fe, 6c
Fe, 9d
Fe, 18f
Fe, 18h

Number of near neighbors
Total V ws ,Å 3
Ce, 6c Fe, 6c Fe, 9d Fe, 18f Fe, 18h
1
1
2
2
3

1
1
2
2
1

3
3
0
2
2

6
6
4
2
4

9
3
4
4
2

20
14
12
12
12

30.70
12.19
11.06
11.49
11.73
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where Q is the iron-57 nuclear quadrupole moment, eq is the
principal component of the electric field gradient, and  is
the tensor asymmetry parameter. The calculated ⌬E Q values
have the sign expected on the basis of the magnetic spectra
but, except for the 6c site, the magnitude of the calculated
values are smaller than the observed values, perhaps because
the Sternheimer22 factors have been ignored. As expected
from the local symmetry, the 6c and 9d sites have zero
asymmetry parameters and the 18f and 18h sites have nonzero asymmetry parameters. To a good first approximation,
for the four iron sites, the positions of the rare-earth near
neighbors determine the direction of the principal axis of the
electric field gradient tensor for each iron site.
Finally, the fit of the paramagnetic spectrum shown in
Fig. 1 is consistent with both the quadrupole splittings and
isomer shifts obtained from the extrapolation, to x equal to
zero, of the corresponding values observed in Ce2Fe17Hx as
will be discussed below. It should be noted that, although the
experimental data shown in Fig. 1 are essentially identical to
that presented by Nasu et al.,6 our fit differs by the coupling
of the four lines forming the quadrupole doublets assigned to
the 18f and 18h iron sites. These differences result from the
added structural correlations and extrapolation used herein.
The fit shown in Fig. 1 has also been successfully applied to
the paramagnetic spectrum23 of Pr2Fe17.
IV. THE Ce2Fe17 MAGNETIC MÖSSBAUER SPECTRA

The magnetically ordered Mössbauer spectra of Ce2Fe17,
obtained between 4.2 and 190 K are shown in Fig. 2. It
should be noted that the ordered spectra, shown in Fig. 2共a兲
correspond to the helical magnetic structure of Ce2Fe17,
whereas the spectra shown in Fig. 2共b兲 correspond to the fan
magnetic structure of Ce2Fe17. Because of the fan and helical
magnetic structures, the analysis of these spectra is complex,
a complexity which has already been noted by Nasu et al.6
Unfortunately, their simple four broadened sextet model did
not address in detail this complexity nor did they report any
hyperfine parameters.
A careful visual inspection of the Mössbauer spectra
shown in Fig. 2 clearly reveals some distinct differences with
the Mössbauer spectra observed13–17 for the R 2 Fe17 compounds, where R is Pr, Nd, Sm, Gd, and Th, differences
which are surely associated with the unique fan and helical
magnetic structures of Ce2Fe17. Indeed, the spectra from 190
to 60 K are varying slowly, presumably because the changes
in the Mössbauer spectra are small in going from the helical
to the fan structure with a rather large fan opening angle. In
contrast, the spectra at 4.2 and 30 K are more different because the fan opening angle is smaller. In addition, the intensity of the weak line observed at the most positive velocities is distinctly smaller than that observed6,13–18 for the 6c
site in other R 2 Fe17 compounds. Further, the width of the six
basic lines, broad, narrow, narrow, broad, broad, and narrow,
shows a general pattern of broadening which is very different
from any of the other R 2 Fe17 compounds13–18 or their solid
solutions with aluminum,15,24–26 silicon,27,28 and gallium.29
The broadening pattern observed in Fig. 2 can never be reproduced by a distribution of a single hyperfine parameter.
The spectra observed at 4.2 and 30 K, see Fig. 2共b兲, are
similar to, but of much higher resolution, than the 10 K
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spectrum of Ce2Fe17 reported by Nasu et al.6 and the 4 K
spectrum of Ce2Fe17 reported by Buschow and van
Wieringen.1 In contrast, the spectra observed between 4.2
and 85 K in Fig. 2共b兲 are substantially different than the 15 K
spectrum of Ce2Fe17 reported by Hu et al.4 In order to clarify
whether the spectrum of Ce2Fe17 is actually that reported
herein and by Nasu et al.6 or that reported by Hu et al.,4 we
have measured the 85 K spectra of five different samples
prepared in four different laboratories and the 4.2 K spectra
of two different samples of Ce2Fe17. The results of this
study30 indicate that these five different samples yield identical spectra, spectra which are totally consistent with the
spectra reported herein and by both Buschow and van
Wieringen1 and Nasu et al.6 We can only conclude that the
sample studied by Hu et al.4 was impure. Indeed, the 15 K
spectrum of Ce2Fe17, reported by Hu et al.,4 is virtually identical to those observed26,27 for the Ce2Fe17⫺x Alx and
Ce2Fe17⫺x Six solid solutions, where x is around 0.2. Thus
perhaps the sample of Hu et al.4 was contaminated with a
small amount of either aluminum or silicon.
We have attempted to model the complexity of the fan
and helical magnetic structures of Ce2Fe17 through the following procedure. A basal orientation of the magnetic moments in the R 2 Fe17 compounds yields13–18 seven sextets in
the magnetic Mössbauer spectra both because of the presence
of different dipolar fields for the magnetically inequivalent
iron sites32 and the different orientations  of the magnetization with the principal axis of the iron electric field gradient.
Hence, the basal magnetic moments organized either in a fan
or along an incommensurate helix will introduce a
distribution31 of both dipolar fields and  angles, as already
noted by Buschow and van Wieringen1 and Nasu et al.6 In
the fits shown in Fig. 2, we use the quadrupole splittings
determined from the paramagnetic spectrum of Ce2Fe17, see
Sec. III and Table I. We determine a minimum angle  min
between the principal axis of the electric field gradient tensor
and the basal plane, i.e., a minimum angle between the principal axis and the basal magnetic moment, or hyperfine field,
for each iron site. For four of the iron sites, we use five
different pairs of hyperfine fields and  angles to mimic the
distribution.
In R 2 Fe17 compounds with a basal magnetization, the 6c
sextet is not split and the spectral absorption line at the most
positive velocities has a relative area of six. In contrast, in
Ce2Fe17 this line has a relative area of only around 3 and we
are forced, on the basis of the experimental spectra resulting
from all five different samples,30 to conclude that the 6c
sextet is split into two sextets of relative areas of three each.
We believe that this splitting occurs because the two 6c iron
atoms in a dumbbell pair experience different dipolar fields
because their iron 9d and 18h near neighbors carry magnetic
moments which have different orientations in the basal
plane. Unfortunately, the neutron diffraction results2,3 do not
indicate the orientation of the magnetic moments on the two
6c-6c iron-iron atoms in a dumbbell pair.
The magnetic interaction of the 6c magnetic moment with
the surrounding moments can be decomposed into two terms,
first, a negative exchange interaction with the nearest 6c iron
atom in the dumbbell pair and, second, positive exchange
interactions with the remaining iron near neighbors. In the
helical structure the magnetic moments rotate from one 共001兲
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plane to the next 共001兲 plane by about 27°. However, because the 6c sites are not located in the plane containing
either the 18f or the 9d and 18h sites, their moments are
expected to display a different orientation. Because of the
continuity of the magnetic helix, the 6c moments are expected to align in a direction which is intermediate between
that of the moments in the plane above and below the 6c
site. Hence, the two 6c iron atoms in a dumbbell pair will
have different basal orientations of their magnetic moments,
a different orientation which is favored by the negative exchange interaction between the two 6c iron moments. In
conclusion, the splitting of the 6c absorption into two sextets
6c 3 and 6c ⬘3 is consistent with the helical magnetic structure
of Ce2Fe17, a splitting which is fundamentally the same in
the fan structure.
In summary, in our model, one total absorption area and
one linewidth of 0.32 mm/s were adjusted. For each of the
four iron crystallographic sites, one isomer shift was adjusted, for a subtotal of four parameters. For each magnetically inequivalent site, one hyperfine field was adjusted, for a
subtotal of eight parameters. For the 9d 6 , 18f 12 , 18f 6 , and
18h 12 sites, a step in the distribution of hyperfine fields ⌬H
was adjusted, for a subtotal of four parameters. For the 6c,
9d 3 , and 18h 6 sites,  was fixed at 90°, for the 9d 6 site, 
was fixed at five values spanning 40 and 90°, for the 18f 12 ,
18f 6 , and 18h 12 sites,  was fixed at five values spanning 30
and 90°; all these values are in agreement with the results of
the point charge calculations of the electric field gradient, see
Sec. III and Table I. The asymmetry parameter was fixed to
zero for the 6c and 9d sites and to 0.9 and 1.0 for the 18f
and 18h sites, in good agreement with the results of the point
charge calculations of the electric field gradient. Thus, a total
of only 18 parameters were adjusted in the fits shown in
Fig. 2.
The fits resulting from this model are shown in Fig. 2 and
the resulting hyperfine parameters at 4.2, 85, and 295 K, are
given in Table III. It should be noted that the 18 variable
parameters were not varied randomly but in a physically reasonable way by taking into account, for each site, the
Wigner-Seitz cell volume, the near-neighbor environment
and its symmetry, and the point charge calculations mentioned above. Further, we ensured that the temperature dependencies of the hyperfine parameters were physically
meaningful.
The model described above is the best physically meaningful model to describe the effects of the helical magnetic
structure of Ce2Fe17 on its Mössbauer spectra. However, the
fits presented in Fig. 2 are adequate but far from ideal especially at 4.2 and 30 K where the fan structure occurs.
In general, at any given temperature, the four isomer
shifts correlate with the 295 K Wigner-Seitz cell volumes.
However, below 85 K, the 9d isomer shift is larger than
expected on the basis of its Wigner-Seitz cell volume, perhaps because of the effect of the magnetostriction on the
thermal expansion32 of the lattice. The temperature dependence of the isomer shifts and their weighted average is
shown in Fig. 3. The solid curves in Fig. 3 are the result of a
fit with a Debye model of the second order Doppler shift.
The effective vibrating mass and the Debye temperature are
57 and 62 g/mol and 330 and 345 K, for the 6c and the
weighted average isomer shift, respectively.
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FIG. 3. The temperature dependence of the isomer shifts in
Ce2Fe17. For clarity, the error bars are only shown for the 6c site
and the weighted average values.

The temperature dependence of the site average hyperfine
fields is shown in Fig. 4. The sequence of fields 6c⬎9d
⬎18f ⬎18h reasonably approximates at all temperatures the
sequence of iron near neighbors, i.e., 13⬎10⫽10⬎9 and the
four hyperfine fields decrease smoothly with increasing temperature.
V. MÖSSBAUER SPECTRAL RESULTS FOR Ce2Fe17Hx

The Mössbauer spectra of Ce2Fe17Hx , where x⫽1, 2, 3,
4, and 5, were measured between 85 and 295 K and the
results for Ce2Fe17H2 are shown in Fig. 5. The spectra of the

FIG. 4. The temperature dependence of the hyperfine fields in
Ce2Fe17. The error bars are approximately the size of the data
points.
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FIG. 5. The Mössbauer spectra of Ce2Fe17H2 obtained at the
indicated temperatures.

remaining compounds are very similar and may be found in
Ref. 30. It should be recalled that all the hydrides
crystallize20 in the rhombohedral Th2Zn17-type structure and
exhibit20 a basal magnetization, i.e., their iron magnetic moments are colinearly aligned in the basal plane of the structure. All the magnetic spectra of Ce2Fe17Hx , where x⫽1, 2,
3, 4, and 5, were fit with a seven sextet model13 corresponding to the seven magnetically inequivalent sites. The resulting hyperfine parameters obtained at 85 and 295 K are given
in Table III.
The temperature dependence of the four iron site isomer
shifts and their weighted average in Ce2Fe17H2 is shown in
Fig. 6. The slopes of the straight lines in Fig. 6 are the same
and equal to ⫺5.49⫻10⫺4 共mm/s兲/K and lead to an effective
vibrating mass of 75 g/mol.
The isomer shifts for the different iron sites in Ce2Fe17H2
are in good agreement with those obtained for Ce2Fe17 and
correlate very well with their Wigner-Seitz cell volumes, as
described above. The isomer shifts in the other hydrides
show a similar correlation and temperature dependence.

PRB 62

The two hyperfine fields of the crystallographically
equivalent and magnetically inequivalent sites are similar,
therefore the site-weighted average of the hyperfine field has
been plotted as a function of temperature in Fig. 7 for
Ce2Fe17H2. As was the case for Ce2Fe17, the hyperfine fields
correlate very closely with the number of iron nearneighbors as mentioned earlier. All of the hydrides show
temperature dependencies similar to those shown in Figs. 6
and 7.
The temperature dependence of the site average isomer
shifts for Ce2Fe17Hx is shown in Fig. 8. In this figure it
is apparent that there is a correlation between the isomer
shift and the hydrogen content, and indeed, a plot of
the weighted average isomer shift versus the unit cell
volume reveals a perfectly linear correlation where ␦
⫽2.99⫻10⫺3 关 (mm/s)/Å 3 兴 V⫺2.44 mm/s. Thus, the variation in the weighted average isomer shift with x shown in
Fig. 8 is directly related to the expansion of the unit cell
volume upon hydrogenation. This expansion decreases the
s-electron density at the nucleus and hence increases the isomer shift.
The influence of hydrogen upon the hyperfine fields in
Ce2Fe17Hx is revealed in two ways in Fig. 9. First, hydrogenation increases the weighted average hyperfine field at all
temperatures and second, it increases the Curie temperature.
In order to illustrate the changes in the Mössbauer spectra as
a function of the hydrogen content x, the Mössbauer spectra
for Ce2Fe17Hx , where x is 0 to 5, are shown at 85 K in Fig.
10. As shown in Fig. 10 at 85 K, the spectra for all the
hydrides are very similar and quite sharp as compared to the
spectrum of Ce2Fe17. The hyperfine fields clearly increase
with increasing hydrogen content at both 85 and 295 K, as
has been observed17,33–35 for other R 2 Fe17Hx compounds,
where R is Pr, Nd, and Sm.
Ce2Fe17 and its hydrides show the expected13–18 correlation between the isomer shifts and the Wigner-Seitz cell volumes for the iron sites, as is illustrated at 85 K in Fig. 11.
Because all the sites in Ce2Fe17 and Ce2Fe17H3 are fully occupied, their Wigner-Seitz cell volumes were calculated19
from published crystallographic data10,20 and 12-coordinate
metallic radii of 1.26, 1.81, and 0.32 Å for iron, cerium, and
hydrogen, respectively. The lattice and positional parameters
for these two compounds were used to calculate a minimum
and a maximum value for the Wigner-Seitz cell volume for a
completely hydrogen filled 9e site and for an empty 9e site,
respectively. Then the actual Wigner-Seitz cell volume, for
x⫽1 and 2, is obtained from the weighted average of these
minimum and maximum values. For x⫽4 and 5, the 9e site
is fully occupied and the 18g site is at most one-third occupied. A procedure similar to that described above for x⫽1
and 2, but with the hypothetical Ce2Fe17H9 end member, was
used to obtain the Wigner-Seitz cell volumes resulting from
this partial occupancy.
The twenty-four isomer shifts and Wigner-Seitz cell volumes for Ce2Fe17Hx are shown in Fig. 11. Each symbol represents a given x and each cluster of symbols corresponds to
a specific crystallographic iron site. The general linear relationship between the isomer shift and the Wigner-Seitz cell
volume is obvious.
The expected linear change in isomer shift with WignerSeitz cell volume for the 9d and 6c sites is observed in Fig.
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TABLE III. Mössbauer spectral hyperfine parameters for Ce2Fe17Hx .

H, kOe

x

T, 共K兲

6c 3

6c ⬘3

9d 6

9d 3

18f 12

18f 6

18h 12

18h 6

wt. ave.

0

4.2
85
85
85
295
85
295
85
295
85
295
4.2
85
4.2
85
295
85
295
85
295
85
295
85
295
85
295
4.2
85
295
85
295
85
295
85
295
85
295
85
295

320
289
317
325
110
330
200
336
254
345
283
0
0
0.235
0.185
0.050
0.205
0.101
0.221
0.096
0.245
0.080
0.265
0.107
0.280
0.130
⫺0.04
⫺0.04
⫺0.04
⫺0.04
⫺0.04
⫺0.04
⫺0.04
⫺0.04
⫺0.04
⫺0.04
⫺0.04
⫺0.04
⫺0.04
90
90

260
235

257
232
280
298
104
308
189
324
242
335
270
1
1
⫺0.03
⫺0.04
⫺0.260
⫺0.069
⫺0.222
⫺0.075
⫺0.188
⫺0.059
⫺0.070
⫺0.050
⫺0.131
⫺0.040
⫺0.118
⫺0.50
⫺0.50
⫺0.50
⫺0.40
⫺0.51
⫺0.40
⫺0.40
⫺0.38
⫺0.46
⫺0.46
⫺0.46
⫺0.48
⫺0.46
40–90
30

255
181
240
251
60
271
151
286
206
303
239
0
0
⫺0.03
⫺0.04

213
195
264
276
73
286
170
309
222
326
255
6
6
⫺0.05
⫺0.08
⫺0185
⫺0.055
⫺0.178
⫺0.032
⫺0.143
0.035
⫺0.130
0.056
⫺0.073
0.075
⫺0.051
0.65
0.65
0.65
0.55
0.60
0.65
0.55
0.60
0.45
0.60
0.60
0.55
0.60
30–90
60

241
226
259
269
57
273
162
302
218
315
252
2
2
⫺0.05
⫺0.08

207
184
244
254
87
262
156
283
206
302
241
4
4
0.04
0.02
⫺0.076
0.085
⫺0.055
0.098
⫺0.017
0.108
0.016
0.134
0.018
0.148
0.054
⫺0.65
⫺0.65
⫺0.65
⫺0.65
⫺0.59
⫺0.55
⫺0.55
⫺0.55
⫺0.45
⫺0.60
⫺0.60
⫺0.60
⫺0.60
30–90
90

137
118
247
261
87
271
160
289
210
306
245
0
0
0.04
0.02

223
198
263
275
83
284
169
303
221
318
254

1
2
3
4
5
⌬H, kOe

0

␦,a mm/s

0

1
2
3
4
5
⌬E Q , b mm/s

0

1
2
3
4
5

, deg
a

0
1–5

0
0
0.235
0.185

⫺0.04
⫺0.04

90

⫺0.069
⫺0.075
⫺0.188
⫺0.059
⫺0.170
⫺0.050
⫺0.131
⫺0.040
⫺0.118
⫺0.50
⫺0.50
⫺0.40
⫺0.40
⫺0.40
⫺0.38
⫺0.46
⫺0.46
⫺0.46
⫺0.48
⫺0.46
90
90

⫺0.055
⫺0.032
⫺0.143
0.035
⫺0.130
0.056
⫺0.073
0.075
⫺0.051
0.65
0.65
0.55
0.65
0.55
0.60
0.45
0.60
0.60
0.55
0.60
30–90
30

0.085
0.098
⫺0.017
0.108
0.016
0.134
0.018
0.148
0.054
⫺0.65
⫺0.65

0.019
⫺0.006
⫺0.132
0.023
⫺0.110
0.036
⫺0.078
0.069
⫺0.061
0.089
⫺0.030
0.105
⫺0.004

⫺0.65
⫺0.55
⫺0.55
⫺0.55
⫺0.45
⫺0.60
⫺0.60
⫺0.60
⫺0.60
90
30

The isomer shifts are given relative to room temperature ␣-iron foil.
⌬E Q is given by Eq. 共1兲.

b

11. In contrast, the 18f and 18h isomer shifts increase
sharply even though the Wigner-Seitz cell volume does not
change. As reported in Ref. 10, there is a discontinuity in the
x dependence of the c lattice parameter, whereas there is no
discontinuity in the a lattice parameter. For x⬍3, in spite of
the expansion in a, the 18f Wigner-Seitz cell volume remains constant because of the presence of the 9e hydrogen
near neighbor. Hence, the change in isomer shift for the 18f
site for x⬍3, see Fig. 11, is an electronic effect due to the
proximity of the hydrogen atom, rather than a volume effect.

For x⫽4 and 5, the isomer shift of the 18f site increases
with increasing Wigner-Seitz cell volume and is not influenced by the additional 18g hydrogen atom which is not a
near neighbor. For the 18h site, the 9e hydrogen near neighbor is located above or below the 18h iron site along the c
axis. However, the influence of the hydrogen atom on the
18h Wigner-Seitz cell volume is not completely compensated by the increase in a. Hence, there is only a very small
increase in the 18h Wigner-Seitz cell volume between x
⫽0 and 1. Thus we conclude that the increase in the 18h
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FIG. 6. The temperature dependence of the isomer shifts in
Ce2Fe17H2.

isomer shift for x⬎0 results from both the increase in the
Wigner-Seitz cell volume and the proximity of the hydrogen
near neighbors.
The compositional dependence of the isomer shift in
Ce2Fe17Hx at 85 K is shown in Fig. 12. The 6c and 9d iron
sites do not have any hydrogen near neighbors and their
isomer shifts are only influenced by the expansion of the
lattice. For the 18f and 18h iron sites there is a change in the
slope at x⫽3 because of the filling of the 18g tetrahedral
interstitial site by hydrogen.
A reduced plot of the hyperfine field versus reduced temperature for Ce2Fe17Hx , with x⫽0 to 5, is shown in Fig. 13.
Extrapolated 4.2 K weighted average hyperfine fields were

FIG. 7. The temperature dependence of the hyperfine fields in
Ce2Fe17H2. The error bars are approximately the size of the data
points.
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FIG. 8. The temperature dependence of the weighted average
isomer shift of Ce2Fe17Hx . For clarity, the error bars are only
shown for x⫽0 and are the same for the remaining data points.

used to calculate the reduced hyperfine field. The Curie temperatures obtained from Ref. 10 were used to calculate the
reduced temperature. Brillouin curves for S⫽ 23 and 52 are
also plotted in Fig. 13. It is clear that the reduced hyperfine
fields for Ce2Fe17Hx , with x⫽1 to 5, exhibit Brillouin dependence. In contrast, the reduced hyperfine fields for
Ce2Fe17 deviate significantly from the Brillouin behavior, no
doubt because of its unusual antiferromagnetic fan and helical magnetic structures. The inset in Fig. 13 shows the correlation between the 4.2 K saturation magnetization and the

FIG. 9. The temperature dependence of the weighted average
hyperfine field of Ce2Fe17Hx . The open symbols refer to the Curie
temperatures obtained from thermomagnetic studies. The error bars
are approximately the size of the data points.
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FIG. 11. The correlation between the 295 K Wigner-Seitz cell
volume and the 85 K isomer shifts of Ce2Fe17Hx . The symbols 䉱,
⽧, 䊏, 䊉, 䉲, and M correspond to x⫽0, 1, 2, 3, 4, and 5, respectively, with open symbols for the 9d and 18h sites and closed
symbols for the 6c and 18f sites.

pounds. However, the sequence of hyperfine fields, 6c⬎9d
⬎18f ⬎18h, is the same as in all R 2 Fe17 compounds and is
not influenced by the specific helical or fan structure of
Ce2Fe17, indicating that the relative magnitude of the hyperfine fields and, hence, of the iron magnetic moments, is
strongly determined by the local environment at the iron
sites. All the hyperfine parameters exhibit a physically reasonable temperature dependence. It is somewhat surprising
that the temperature dependence of the hyperfine fields does
not show any discontinuity at approximately 100 K. However, other physical properties, such as the electrical
resistivity36,37 and the magnetization36 of Ce2Fe17, also show
at most small anomalies at the magnetic transition. These
observations suggest that the magnetic transition is not dramatic, but rather involves little changes in the electronic
FIG. 10. The Mössbauer spectra of Ce2Fe17Hx obtained at 85 K.

weighted average hyperfine field for Ce2Fe17Hx , with x⫽0
to 5. All the data points for Ce2Fe17Hx , with x⫽1 to 5, are
aligned on a straight line whose slope corresponds to
227 kOe/  B , a value much higher than the typically observed 150 kOe/  B . In contrast, Ce2Fe17, which does not
exhibit the ferromagnetic ordering of Ce2Fe17Hx , with x
⫽1 to 5, does not fall on this straight line. This peculiar
behavior can be related to the unusual magnetization curve
exhibited by Ce2Fe17. The correspondence between saturation magnetization and average hyperfine field in Ce2Fe17 is
110 kOe/  B .
VI. DISCUSSION AND CONCLUSIONS

In this paper, the Mössbauer spectra of Ce2Fe17 obtained
between 4.2 and 295 K have been analyzed in terms of a
highly constrained model which takes into account the fan
and helical magnetic structure of this compound. In particular, the presence of the fan or helical magnetic structure removes the magnetic equivalence of the 6c sites, a removal
which is not observed13–18 in any of the other R 2 Fe17 com-

FIG. 12. The compositional dependence of the isomer shifts for
Ce2Fe17Hx at 85 K.
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FIG. 13. The reduced hyperfine field versus reduced temperature
plot for Ce2Fe17Hx . The symbols 䉱, ⽧, 䊏, 䊉, 䉲, and M, correspond to x⫽0, 1, 2, 3, 4, and 5, respectively. Inset: The correlation
between the 85 K hyperfine field and the 4.2 K saturation magnetization for Ce2Fe17Hx .

structure of Ce2Fe17. A slow opening of the fan angle with
increasing temperature would be compatible with these observations. It is interesting to note that Ce2Fe17 has weighted
average hyperfine fields of 223 and 201 kOe, at 4.2 and 85
K, respectively, values which are substantially lower than
those observed18 in R 2 Fe17, with heavier rare earth atoms,
specifically, the 85 K weighted average hyperfine fields
range from 286 kOe for Pr2Fe17 to 309 kOe for Gd2Fe17. The
lower values of the weighted average hyperfine field in
Ce2Fe17, result, no doubt from its helical or fan magnetic
structure, a structure with intrinsic antiferromagnetic interactions. This is in contrast with the normal magnetization value
of Ce2Fe17 observed at 4.2 K, a magnetization which is similar to those measured in other R 2 Fe17 compounds. This difference emphasizes the ability of Mössbauer spectroscopy to
probe the magnetic structure of a compound in the absence
of an applied magnetic field. Further, the Mössbauer spectra
of Ce2Fe17 reveal significant differences between the hyperfine fields at the four iron crystallographic sites, whereas
only an average iron magnetic moment of 1.9 B at 4.2 K
was obtained2,3 from single crystal neutron diffraction studies. By using a conversion factor of 150 kOe/  B , an average
iron magnetic moment of 1.49 B at 4.2 K is obtained from
the weighted average hyperfine field and the different iron
site moments range from 0.91 B to 2.13 B ; a range which
is consistent with the average magnetic moment determined
by neutron diffraction.
Recently, Janssen et al.37 questioned the existence of the
fan structure in Ce2Fe17 below around 100 K, a structure
which is not compatible with the absence of a ferromagnetic
component in their sample. They ascribed the ferromagnetic
behavior observed by Isnard et al.10 to a small amount of
iron impurity. The Mössbauer spectra and neutron diffraction
pattern of this sample does not show30 the presence of any ␣
iron. In contrast, the single crystal neutron diffraction study
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clearly indicated3 the presence of a ferromagnetic component
at 4.2 K. These differences in magnetic behavior of independently prepared samples of Ce2Fe17 may indicate a high sensitivity to extremely small variations in stoichiometry.
The 85 K weighted average isomer shift of ⫺0.006 mm/s
observed in Ce2Fe17 is much smaller than the values for
R 2 Fe17 with heavier rare earth atoms, values which range18
from 0.025 mm/s for Dy2Fe17 to 0.060 mm/s for Nd2Fe17.
This smaller value results from the smaller unit cell volume
of Ce2Fe17, a smaller value which has been ascribed10,21 to
the intermediate valence state of cerium.
The Mössbauer spectra of Ce2Fe17Hx , with x⫽1, 2, 3, 4,
and 5, have been successfully analyzed between 85 and 295
K in terms of a model consistent with a ferromagnetic alignment of their magnetic moments within the basal plane. The
Mössbauer spectra show, in agreement with magnetization
measurements, that as little as one hydrogen atom per formula unit can dramatically change the magnetic structure of
Ce2Fe17. Thus, the macroscopic changes are revealed on a
microscopic scale in the Mössbauer spectra.
The evolution of the isomer shifts and hyperfine fields
with x in Ce2Fe17Hx , for x⫽0 to 5 confirms,9,10 the successive filling, first, of the octahedral 9e sites and, second, of
the tetrahedral 18g sites by hydrogen. The compositional dependence of the weighted average isomer shifts for
Ce2Fe17Hx , for x⫽0 to 5, reflects the increase in unit cell
volume with increasing x. The 85 K weighted average hyperfine fields increase by 70 kOe from x⫽0 to 1 and then
regularly by 10 kOe per added hydrogen atom from x⫽1 to
5. The increase of 70 kOe is by far the largest increase
observed18 upon hydriding any of the R 2 Fe17 compounds and
is no doubt due to the change in magnetic structure from a
helical or fan structure to a collinear arrangement of the iron
magnetic moments. In the absence of neutron diffraction data
on Ce2Fe17H, the hyperfine fields give an estimated range of
magnetic moments of 1.6 B to 2.1 B per iron atom.
It is well known38 that the insertion of hydrogen into ␣
iron to form -FeH0.8 increases the isomer shift by approximately 0.5 mm/s, a very large value that results from the
close to one hydrogen to iron ratio. This ratio in Ce2Fe17Hx
ranges from 0.06 to 0.29 and the hydrogen insertion leads to
an increase of 0.025 mm/s per hydrogen atom, but it should
be noted this value is approximately twice the value
observed18,33,34,39 in R 2 Fe17Hx for R⫽Pr, Dy, and Er. In contrast, in CeFe11TiH, with a ratio of 0.09, the increase is 0.045
mm/s per hydrogen atom. The increase upon hydriding is
actually very small and is typically of the order of 0.05 mm/s
in going from R 2 Fe17 to R 2 Fe17H5, but is somewhat larger in
the Ce2Fe17 hydrides.
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